Introduction
flow was applied to improve the air cooling performance of CPUs capable of producing an energy density of 10 MW/m 2 . By generating supersonic air flow, low-temperature flow can be realized. Another previous study revealed that supersonic air flow inside a micro-channel is promising for use in an air cooling device. However, these findings were only theoretical approach. As such, there are still many unknowns including the effect of the surface roughness of the wall of the micro-channel and dimensional accuracy of the MEMS process. Therefore, experimentally measurement and visualization of the flow field of the supersonic flow inside a micro-channel were required. The density distribution includes information regarding the pressure and temperature distributions. The temperature distribution is important to evaluate the heat transfer between the flow and walls, i.e., cooling performance of the heat sink, which includes the micro-channel for the electronic cooling. In addition, there are few experimental studies of the micro-channel gas flow visualization of the density field because of its small scale. The Mach-Zehnder interferometry is widely used because of its non-intrusive and quantitative nature. Generally, it is difficult to measure the flow inside the micro-channel because it is hard to find a sufficient optical path length, and its low spatial resolution for the refractive index measurement could be increased despite the density difference for the supersonic flow case. However, the phase-shifting technique (Maruyama et al., 1999) makes it possible to improve the phase resolution. The phase-shifting technique is an image processing technique, which uses three interferograms at different polarization angles. All pixel of a CCD camera could obtain phase difference values using the phase-shifting interferometer. That is in contrast to the conventional interferometer, which can only obtain values in the brightest and darkest points on the fringe. Therefore, this phase-shifting interferometer should be effective at measuring the density fields of micro-channel gas flow.
To develop an effective air cooling device, an understanding of this phenomenon is required, in particular the density distribution of the supersonic flow inside the micro-channel. The objective of this study is to experimentally measure the density field of supersonic flow inside the micro-channel using a phase-shifting interferometer. Furthermore, a comparison between the experimental and calculated density distributions will be conducted to verify the new measurement method. Afterwards, the temperature distribution inside the micro-channel will be discussed. Figure 1 shows a schematic diagram of the experimental apparatus. The details of the phase-shifting interferometer are also shown in Fig. 1 . The light source is a He-Ne laser (632.8 nm). In this interferometer, the phase-shifting technique is applied. This phase-shifting interferometer uses three interferograms at different polarization angles. The polarization angle was changed by a rotating polarizer, which is rotated by a stepping motor. The conventional interferometer could only obtain a value at the brightest and darkest points on the fringe.
Experimental apparatus
The flow inside the micro-channel was subsonic, whereas the downstream channel was supersonic in this study. The entire size of this device, which is shown in the photograph in Fig. 1 , is 20 mm × 20 mm. The length, width, and depth of the channel are 6000, 235, and 500μm, respectively. This channel depth corresponds to the optical path in the experiment and determined from the Gladstone-Dale relationship as shown in the following equations (Gardiner et al., 1981) , Fig. 1 Schematic diagram of the experimental apparatus and photograph of the micro-channel.
, and ∆l [m] denote refractive index, refractive index of test beam, refractive index of reference beam, density, pressure, gas constant, temperature, number of the fringe, wave length of the light source, Gladstone-Dale constant, position of the length, position of the channel width, position of the channel depth, and difference of the optical path length, respectively. The refractive index of air on optical path of the test beam no and that of reference beam nr were calculated from Eq. (1). The working fluid was air, therefore, Gladstone-Dale constant of 6.689 (Gardiner et al., 1981) was used. The temperature of air was assumed as 300 K. Then, the fringe number N was calculated from Eq. (2). The phase-shifted interferometer can be detected 256 steps of phase difference between the fringes as the brightness distribution (Maruyama et al., 1999) . Hence, the number of detectable data points is 256 times more than that of conventional one. The estimated number of detectable data points is listed in Table 1 . As can be seen in Table 1 , the expected fringe number is considerably small because of the short optical path length of the micro-channel. Generally, conventional interferometers could not measure this phase difference. In the previous study , the density distribution range of the supersonic flow inside a micro-channel was estimated to be between 1 and 5 kg/m 3 . Thus, the density distribution could be measured using a phase-shifting interferometer when the channel thickness is greater than 500 μm. This micro-channel was made using Micro-Electro-Mechanical Systems (MEMS) techniques. Generally, it is difficult to make a deep micro-channel that is easily visualized. Hence, the depth of the micro-channel was based on the trade-off between the predicted fringe number and channel depth, which was made using a MEMS process.
The process used to produce the micro-channel is shown in Fig 2. This device consists of three plates and an Si plate that includes the micro-channel sandwiched between two TEMPAX glass plates. The resist pattern for the etching process was made on the Si plate using UV light. Subsequently, the Si plate was processed using deep reactive ion etching (D-RIE) with C4F8 and SF6 gases. This Si plate and TEMPAX plates were bonded by anodic bonding.
Density field measurement
First, the flow rate of the micro-channel was measured and compared with the calculated results . The total pressure of the compressor and pressure at the end of the flow path are 0.7 and 0.1 MPaA, respectively. The calculated and measured values of the flow rate are 8.47×10 -3 and 8.58×10 -3 m 3 /min, respectively. Thus, there is good agreement between the calculated and measured results. The slight difference between these values is caused by some conditions, which depend on the accuracy of the MEMS process and pipe layering (channel width and total Table 1 Estimated fringe number and number of data points from the Gladstone-Dale relation. pressure).
This experiment was conducted under room temperature. Figure 3(a) shows the phase-shifted data at the inlet of the micro-channel. The right side shows an inlet reservoir. As shown in Fig. 3(a) , the refractive index varied due to the pressure drop inside the micro-channel, and its distribution was visualized by phase-shifted data. Figure 3(a) indicates that the refractive index distribution was successfully measured despite the fringe number being less than one. The phase-shifted data at the channel outlet are shown in Fig. 4(a) . In Fig. 4(a) , the free jet stream was observed at the end , respectively. At the inlet of the channel, the brightness distribution exhibited a rapid decrease due to the generated flow by the pressure difference. At the end of the channel, the brightness decreased sharply. This drop off was caused by the flow expansion, which is the same as an abrupt pipe expansion. As shown in Figs. 3(b) and 4(b), this measurement system could measure the brightness distributions at all pixel. In addition, the brightness distribution was measured despite the fringe number being less than one, which is the identical to the brightness change being less than 256 at the channel inlet. However, there are many fluctuations, especially in the large density change region.
Figures 5(a) and 5(b) show the phase-shifted data and measured brightness distribution for the entire channel, respectively. The brightness distributions were evaluated on/around the centerline, which is shown in Fig. 5(a) . Average values will be used for the evaluation of the density distribution in the next section because these are approximately the same as the values of different lines.
Numerical simulation
To confirm the accuracy of the measurement, numerical simulations were performed. These numerical simulations were performed using ANSYS ® FLUENT 13 software. Two-dimensional compressible governing equations were calculated using Roe's Flux Difference Splitting (Roe-FDS) method for flux estimation. The flow was assumed as a steady state and laminar. In our previous study , although the numerical simulations were assumed as laminar flow, calculated results shows good agreement with experimental study. In this calculation, the temperature dependence of the physical property values was taken in account. The width and length of the channel were 235.24 μm and 6000 μm, respectively. To compare the measured and calculated results, boundary conditions were set, as shown in Fig. 6 . The pressure at the inlet and outlet were 0.7 and 0.1 MPaA, respectively. The wall was assumed as adiabatic wall with no-slip condition. Total temperature was set to 300 K.
The calculated Mach number, temperature, and density distributions are shown in Figs. 7-9, respectively. As shown in Fig. 7 , the air was accelerated at the channel inlet by the high speed flow at the channel outlet, which was caused by the flow expansion. Then, the maximum Reynolds number inside the channel was about 20000. The Mach number at the inlet and the inside the channel were less than 1, but the flow was gradually accelerated to the outlet region. The maximum Mach number (2.50) was observed after the flow passed through the channel. When the flow attained the maximum Mach number at the outlet reservoir, the flow temperature decreased to its minimum of 135 K due to the adiabatic expansion, as shown in Fig. 8 . The minimum temperature inside the channel was about 250 K. The density distribution has the same tendency with the temperature distribution. The values were decreased with decreasing temperature. Phase-shifted data for the entire channel and brightness distribution. 
Comparison of the density distribution
From the measured brightness distribution shown in Fig. 5(b) , the density distribution was evaluated. In order to estimate the density distribution, pressure at the inlet and outlet were used as boundary conditions. The values of pressure were converted to the density by the state equation for ideal gas. Then, it was assumed that the amount of change in the brightness distribution was equal to that of density distribution. Thus, all pixels were assumed to have a linear change density.
The experimental and calculated density distributions on the center line of the micro-channel are shown in Fig. 10 . As shown in Fig. 10 , the range and trend of density were approximately the same. In particular, the positions of the rapid density decrement at the inlet and outlet exhibit good agreement. At the inlet region, the flow was expanded with the acceleration by the pressure difference. There are few density changes inside the channel because of the effect of the viscosity, which was referred from micro-scaled channel. At the outlet region, the values sharply decreased again. The flow was expanded by the exit effect and free jet stream in this region. Therefore, this measurement could detect the detailed density field of the sub/supersonic flow inside a micro-channel. These results show that this measurement method is accurate for the density measurement of the supersonic flow inside a micro-channel. For the evaluation of the cooling performance of the heat sink, which includes the supersonic micro-channel for the electronics, the temperature distribution is imperative. As previously stated, the density distribution includes information on pressure and temperature. In this measurement, the pressure boundary conditions were given, and the measured density distribution exhibits a good agreement with the calculated distribution. Thus, the temperature distribution inside the micro-channel during the measurement is estimated to be approximately identical to the calculated temperature distribution shown in Fig. 8 .
However, there are differences at several points in Fig. 10 . The maximum density from the measurement was much higher than that of calculated results at upstream region. At the end of the channel, the evaluated values increased before rapidly decreasing, and the amount of decrease was different. These differences were caused by the following reasons. First, two dimensional calculations were performed, i.e., the three-dimensionality effects were ignored. Second, the temperature at the inlet and outlet boundaries was assumed to be room temperature and constant when the density was evaluated. Third, the micro-channel was made using a MEMS process; however, the 500 μm thickness is large for the etching process. The channel width was different between the upper and back sides. The crystal orientation of Si plate was selected to make parallel walls; however, differences still occurred. To improve these problems, temperature measurements, investigations into the temperature effect on the density, and considerations of the MEMS process will be conducted in the future. Furthermore, it is required that the evaluation of the cooling performance of the supersonic micro-channel. The heat flux on the surface wall of the micro-channel can be evaluated using temperature distribution, which could be estimated in this study. From the heat flux, the cooling performance will be evaluated in the future.
Conclusions
To confirm the applicability of visualization and evaluation of the density field of supersonic air flow inside a micro-channel using an interferometer, preliminary experiment and numerical simulations were performed. A micro-channel was constructed through a MEMS process. The channel depth, which is equal to the length of the optical path, was determined from the estimation of the Gladstone-Dale relation. Then, the trade-off between the channel depth and expected fringe number was considered. The measurement was conducted using a phase-shifting interferometer. The phase-shifting technique allows for high accuracy measurements because the phase difference between each interferogram, which has different polarized angles, was known. The refractive index distributions were measured as brightness distributions. The density distribution was evaluated from the measured brightness distribution and compared with the calculated distribution. The main results obtained are summarized as follows.
1. From the phase-shifted data, the refractive index fields inside a micro-channel with a 235 μm width were measured. Although there are many fluctuations especially in the large density change region, the brightness distributions were successfully measured. 2. The brightness distribution for the entire channel was evaluated on/around the centerline of the micro-channel.
The rapid change of refractive index could be measured inside a micro-channel. From this refractive index distribution, the density distribution was evaluated. 3. The density field was numerically simulated and used for the comparison with the experimentally evaluated density distribution. The evaluated density distribution was similar to the calculated distribution. However, differences were observed at several points owing to factors such as the accuracy and roughness of the channel and the three-dimensionality effect. 4. It was shown that the visualization and density evaluation using the phase-shifting interferometer can be used for measuring the supersonic air flow inside a micro-channel. In addition, it makes possible to estimate the temperature distribution in a micro-channel, which is important to evaluate the heat transfer phenomena between the supersonic flow and heated walls, such as a micro heat sink.
